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MAGNETORESISTIVE TRIMMING OF OMR CIRCUITS 

RELATED APPLICATION DATA 
The present application claims priority from U.S. Provisional Patent 
5 Application No. 60/217,337 for MAGNETORESISTIVE TRIMMING FOR AN 
ULTRAFAST NONVOLATILE RAM filed on July 1 1 , 2000, and U.S. Non- 
Provisional Patent Application, Attorney Docket # IMECP007, filed on June 1 8, 
2001 , the entire disclosure of which is incorporated herein by reference for all 
purposes. 

10 

BACKGROUND OF THE INVENTION 
The present invention relates to circuits which include multi-layer thin film 
elements exhibiting giant magnetoresistance (GMR), and more specifically to 
techniques for resistively trimming such circuits with high degrees of accuracy and 

15 precision. Even more specifically, the present invention provides techniques by 

which (1) the value of a GMR resistor can be adjusted, (2) the output of a transpinnor 
logic gate can be adjusted, and (3) the gain of each chamiel of a transpinnor 
differential amplifier can be adjusted so that its output will be zero even though its 
two input lines may have different resistances. 

20 Resistive trimming is a technique used to fabricate resistors to a specified 

accuracy. A standard trimming technique known as laser trimming uses a laser to 
bum out individual portions of a bank of resistors with binary-sequenced values. This 
technique is unsatisfactory for many applications in that it is expensive, labor 
intensive, time consuming, irreversible, and limited m its minimum adjustment to the 

25 smallest discrete resistor value in the resistor bank. Moreover, the size of the resistor 
bank must be such that the spacing between resistors is. larger than the spot size of the 

-1- 
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laser, typically on the order of a micron. This results in an xmacceptably large amount 
of die space for most applications. This is exacerbated by the fact that the typical 
resistor bank is many time larger than the minimxmi feature size of many of the 
devices in which trimmed resistors have potential applications. 
5 One potential application for resistive trinmiing is in balancing the many 

sense/reference line pairs in a memory device such as, for example, a memory device 
based on GMR structures, an example of which is described in U.S. Patent No. 
5,587,943 for NONVOLATILE MAGNETORESISTIVE MEMORY WITH FULLY 
CLOSED FLUX OPERATION issued on December 24, 1996, the entire disclosm^e of 

10 which is incorporated herein by reference for all purposes. That is, random variations 
that may occur during fabrication of such devices result in line pairs that are not 
matched closely enough. Such resistance mismatches depend on a number of 
different factors including, for example, feature size, process stability, and point-to- 
point variations in fihn properties such as thickness, crystallite structure, 

15 stoichiometry, and layering effect variations. 

Unfortunately, laser trinmiing would be unsuitable for such memory devices 
in that line widths and line spacing of less than 0.5 microns (even down to 100 nm) 
are anticipated. The size of the resistive banks necessary for laser trimming would 
not only be proliibitively expensive, but would account for most of the die area, 

20 subverting any gains in miniaturization. 

In view of the foregoing, it is deskable to develop resistive trinmiing 
techniques for nanoscale devices in which the resistive trimming overhead comprises 
only a small portion of the overall device size. It is further desirable that such 
techniques allow greater trimming precision, can be automated under computer 
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control, and are reversible so that resistance values can be adjusted to compensate for 
changing conditions. 
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SUMMARY OF THE INVENTION 
According to the present invention, resistive trimming techniques are provided 
which address all ofthe shortcoming described above. That is, the present invention 
provides a technique referred to herein as magnetoresistive trimming which 
5 manipulates resistance values through the application of magnetic fields to giant 
magnetoresistive (GMR) stmctures. 

Thus, the present invention provides an electronic device including at least one 
configurable resistive element having a resistance value associated therewith. Each 
such configurable resistive element includes at least one multi-layer thin filin element 

10 exhibiting giant magnetoresistance. The resistance value of each configurable 

resistive element is configurable over a resistance value range by application of at 
least one magnetic field which manipulates at least one magnetization vector 
associated with the thin film element According to various embodiments, the 
configurable resistive elements comprise a single multi-layer thin film element. 

15 According to other embodiments, the configurable resistive elements comprise active 
GMR devices described herein as "transpinnors" which exhibit characteristics of both 
tiansistors and transformers. 

According to another specific embodiment, a method for matching first and 
second resistance values in a memory is provided. The first and second resistance 

20 values are associated with first and second memory access lines, respectively. A 
configurable resistive element comprising at least one multi-layer thin fikn element 
exhibiting gieint magnetoresistance is associated with at least one ofthe first and 
second memory access lines. The magnetization ofthe thin film element is 
manipulated such that the first and second resistance values match within a specified 

25 tolerance. 
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According to yet another embodiment of the invention, a method for accessing 
a memory having first and second pluralities of access lines is provided. The second 
plm*ality of access lines comprises pairs of access lines, each of which have a resistive 
element associated therewith comprising at least one multi-layer thin fihh element 

5 exhibiting giant magnetoresistance. The magnetization of the thin film element is 

configured such that each pair of access lines carries equal currents when the memory 
bits on the two lines are in identical magnetic states. According to this embodiment, 
individual memory cells in the memory are accessed using coincident currents in 
corresponding ones of the first and second pluralities of access lines. 

10 A further understanding of the nature and advantages of the present invention 

may be realized by reference to the remaining portions of the specification and the 
drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a simplified diagram of a multi-layer thin film element exhibiting 
giant magnetoresistance (OMR); 

Fig. 2 is a graph illustrating the relationship between the resistance of a OMR 
5 film and an applied magnetic field; 

Fig. 3 shows perspective and cross-sectional views of a memory array for use 
with specific embodiments of the present invention; 

Fig. 4 illustrates the effect of current in a word line of a memory array; 
Fig. 5 is a simplified circviit diagram of a transpiimor for use with specific 
10 embodiments of the present invention; 

Figs. 6a and 6b are simplified representations of a differential transpinnor for 
use with specific embodiments of the present invention; 

Fig. 7 is a simplified schematic diagram of a memory an-ay designed 
according to a specific embodiment of the present invention; 
15 Figs. 8a-8d illustrate fovi different embodiments in which a transpinnor is 

used to balance a sense-digit/reference line pair; 

Fig. 9 is a simplified representation of a differential transpiimor in integrated 
circuit form; 

Fig. 10 is a simplified representation of a hybrid transpiimor; and 
20 Fig. 11 is a simplified representation of a differential transpinnor having two 

layers of input lines. 
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DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 
The present invention provides techniques (referred to herein collectively as 
magnetoresistive trimming) which rely on the application of magnetic fields to giant 
magnetoresistive (OMR) films rather ihan flie bulky resistor banks and lasers of laser 
5 trimming techniques. Three different types of magnetoresistive trimming will be 
described. 

According to a first type of embodiment, one or more GMR fihn elenients are 
placed in a ckcuit in the locations where resistor banks would have otherwise gone. 
One or more magnetic fields are then applied to the GMR element(s) to modify the 
10 magnetization orientation of their successive magnetic layers, therefore achieving a 

desired resistance value for each. This technique works well for applications in which 
resistance variations are relatively small. 

According to another embodiment, a multi-fimctional GMR device (referred to 
herein as a transpinnor) having characteristics of both a transistor and a transformer 
15 and operating as a logic gate is used to balance the currents in, for example, 

sense/reference line pairs in a memory device. This technique works well even where 
the resistance differences are relatively large. 

According to a third embodiment, magnetoresistive trimming is used to adjust 
the gain of one or more chaimels of a transpinnor differential sense amplifier so that it 
20 yields zero output even if its two input lines have imequal currents. 

A GMR film includes alternating magnetic and nonmagnetic conductor layers. 
An example of such a structure is shown in Fig. 1 . GMR film 1 02 has two 4 nm 
permalloy layers (104 and 106), two 2 nm copper layers (108 and 1 10), and a 4 nm 
cobalt layer 1 12. Such GMR structures may have multiple periods repeating this 
25 basic structure. When the magnetic layers of a GMR film are magnetized in the same 
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direction (Fig. la), the resistance of the film is minimized. This is due in part to the 
fact that the conduction electrons in magnetic materials axe spin polarized in the same 
direction as the electrons causing the magnetization. 

If, on the other hand, adjacent magnetic layers are magnetized in opposite 

5 directions (Fig. lb), conduction electrons moving between the adjacent layers 

encounter high interface scattering and there is a corresponding increase in the overall 
resistance of the film. The GMR value of such a film is typically defined as the 
percentage difference between the maximum resistance R^ax and the minimum 
resistance Rmin divided by the minimum resistance. The fractional difference is 

10 defined herein by 

gmr = (Rmax-Rmin)/Rmin (1) 

The actual resistance of the GMR fihn depends on the applied magnetic field H and 
15 has a component proportional to the fi:action f(H) of the fihn for which the 

magnetizations of the alternating layers are antiparallel less that for which they are 
parallel, 

R(H) = Rflverage Rmin 5 (2a) 

20 5sf(H)gmr/2 (2b) 

An example of the relationship between the resistance R of a GMR film and 
the applied magnetic field is shown in the R-H curve of Fig. 2. R-H curve 202 shows 
half a major loop starting at high positive field and progressing to high negative field. 
25 The resistance rises when the magnetization of the permalloy layers reverse and 

-8- 
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become antiparallel to the magnetization of the cobalt layer (which doesn't switch 
because of its higher coercivity). When the coercivity of the cobalt layer is eventually 
overcome and the magnetization of the cobalt layer switches, the magnetization of the 
adjacent layers are again parallel and the resistance falls. R-H curve 204 is half a 
5 minor loop starting with the magnetization of the permalloy layers antiparallel to that 
of the cobalt layer and becoming parallel 'again as the applied field becomes more 
positive. 

It can be seen from the R-H curves of Fig. 2 that the magnetoresistive 
trimming technique of the present invention may be used to adjust the resistance of a 

10 multi-layer GMR thin film element up or down in a continuous manner. Adjustment 
may even be done while the GMR film is operating in its intended application. In 
addition, and according to various embodiments, the applied field may come from a 
stripUne adjacent to or integral with the GMR film, firom an external coil, or both. 
Specific embodiments of the magnetoresistive trimming techniques of the 

15 present invention will now be described in the context of a nonvolatile, random- 
access memory in which multi-layer GMR films are used for storage, reading, and 
writing. Writing is an inductive operation in which the magnetization vector in a 
storage element is switched by a coincidence of currents in word and digit lines which 
provide random access to the storage elements in the memory array. Reading is 

20 accomplished through the sensing of resistance changes in the GMR storage elements. 

According to a specific embodiment, this triple fimction - storage, read, and 
write - is achieved using a multi-layer stiiictm-e in which successive magnetic layers 
have differing coercivities. In some embodiments, cobalt is used for high coercivity 
layers while permalloy is used for low coercivity layers. In such embodiments, the 

25 cobalt layer contains the stored information and the permalloy layer is used for 
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readout. For a more complete discussion of the operation of such a memory, please 
refer to U.S. Patent No. 5,587,943 incorporated herein by reference above. 

A portion of an exemplary memory array 300 for use with specific 
embodiments of the present invention is shown in Fig. 3. The memory cells are 

5 accessed via combination sense-digit lines 302 and serpentine word lines 304, Sense- 
digit lines 304 are multi-layer GMR fihns. The active bit area, i.e., the locations 
where information may be stored, is where a segment of a word line 304 runs parallel 
with and directly over a sense-digit line 302, i.e., an overlap region. Storage is in the 
higher coercivity layer of that portion of the sense-digit line. The lower coercivity 

10 layer of the sense-digit line is used for reading. That is, sense-digit lines 302 supply 
current for magnetoresistive sensing of the magnetization of the storage layer. Sense- 
digit lines 302 also provide the half-select field for switching of the higlier coercivity 
storage layer during a write operation and for switching of the lower coercivity layer 
during a read operation. The sense signal stands on a pedestal that changes depending 

15 on the state of the other bits along the sense Une. This pedestal must be removed in 
the read operation. 

In applications of memory array 300 to a high-speed random access memory, 
each storage location representing a single bit uses two neighboring overlap regions, 
i.e., the portions of two adjacent sense-digit lines 302 overlapped by a single word 
20 line 304. The two neighboring sense-digit lines will also be referred to herein as the 
sense-digit and reference lines. The pedestal and noise are removed by a first-stage 
circuit (not shown) which rejects common signals between the sense-digit line and the 
reference line, thus giving the bit value directly. 

Operation of memory array 300 will now be described with reference to Fig. 4 
25 in which two pairs of reference and sense-digit lines are shown intersecting with a 

-10- 
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word line 402. Prior to a read operation, the two lines of each reference/sense-digit 
pair are in identical magnetic states, i.e., the magnetizations of the corresponding 
layers of both lines are the same. Current pulses in the sense-digit/reference pair (e.g., 
lines 404 and 406) leave the storage layers (i.e., the higher coercivity layers) of each 

5 memory cell on those lines unchanged, while impressing the same magnetization on 
the sense layers (i.e., the lower coercivity layers) of each memory cell on the line pair 
except for the sense layers in the two neighboring memory cells being interrogated. 
That is, a coincident current in word line 402 keeps the lower coercivity layers of 
these two adjacent memory cells in opposite states. This can be understood with 

10 reference to the opposing directions of the word line current in adjacent cells as 
shown in Fig. 4. 

The result is that the magnetizations of the adjacent sense-digit and reference 
lines are identical except in the readout layers of the bit being read. Currents are then 
sent down the sense-digit line 404 and tiie corresponding reference line 406 to 

15 measure their respective resistances. By comparing the two resistance values, the bit 
value of the memory cell of interest can be determined. The line with the lower 
resistance has all magnetic layers magnetized in the same direction, whereas the 
resistance will be higher in tliat line of the pair in which the magnetization of the 
readout layer is opposite to that of the storage layer. When the same voltage is 

20 applied to the two lines, the two channels of the transpinnor differential amplifier will 
receive currents whose difference reflects the different magnetizations in the sense- 
digit and reference lines, causing a nonzero output. 

For this technique to work properly, any offset arising fi-om an a priori 
difference in resistance between each sense-digit line and its corresponding reference 

25 line must be smaller than the signal to be read. According to various specific 

-11- 
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embodiments, miiiiinization of these resistance differences is achieved using the 
magnetoresistive tnnuning technique of the present invention- 
According to one embodiment, one or more GMR film elements are placed in 
series with one or both of the lines in a pair. The magnetizations (and thus the 

5 resistances) of selected ones of these GMR fihn elements are then manipulated such 
that the resistances of the two lines match very closely. According to a more specific 
embodiment, matching has been achieved which exceeds the precision of the 
measurement equipment According to another embodiment which will now be 
described, a transpinnor is used to balance the line pairs. 

10 A transpinnor is a multifunctional, active GMR device vsdth characteristics 

similar to both transistors and transformers. Like a transistor, it can be used for 
amplification, logic, or switcliing. Like a transformer, the transpinnor can be used to 
step voltages and currents up or down, with the input resistively isolated firom the 
output. Like a transistor, a transpinnor can be integrated in a small space. Unlike 

15 conventional transformers, a transpinnor has no low frequency cutoff, the coupling 
being flat down to and including DC. In addition, the operational characteristics of 
the transpinnor (including amplification, current requirements, and speed) tend to 
improve as its dimensions get smaller. For more information on transpiimors, please 
refer to U.S. Patent Nos, 5,929,636 and 6,03 1 ,273 for ALL-METAL, GIANT 

20 MAGNETORESISTIVE, SOLID-STATE COMPONENT issued July 27, 1999, and 
Febmary 29, 2000, respectively, the entire disclosures of wrhich are incorporated 
herein by reference for all purposes. 

A specific implementation of a transpinnor 500 is shown in Fig. 5. Four 
resistive elements R1-R4 comprising GMR film structures are configured as a 

25 Wheatstone bridge. Current in either of input lines 5 1 0 or 5 12 creates a magnetic 

- 12- 



wo 02/05470 PCT/USOl/20665 

field at one or more of GMR films R1-R4- This unbalances the bridge and creates an 
output signal between output terminals 5 14 and 516. In the transpinnor 
implementation of Fig. 5 input lines 510 and 512 are shown inductively coupled to 
resistive elements R1-R4 with coils. According to other integrated circuit 

5 embodiments, this coupling is achieved using striplines. 

As mentioned above, the resistance of each leg of transpinnor 500 may be 
changed by application of a magnetic field to manipulate the magnetization vectors of 
the respective GMR film's layers* Such fields are generated by the application of 
currents in input lines 510 and 512 which are electrically insulated from the GMR 

10 films. Input line 510 is inductively coupled to and provides magnetic fields for 

altering the resistance of GMR films Rl and R3. hiput line 512 is inductively coupled 
to and provides magnetic fields for altering the resistance of GMR films R2 and R4. 
If the resistances of all four GMR films are identical, equal currents in input lines 510 
and 512 change the resistances equally and do not unbalance the bridge, thus resulting 

15 La zero output. If, however, vmequal currents are applied, a resistive imbalance 
results, thus resulting in a nonzero output. 

Fig. 6 shows a circuit diagram (a) and an integrated circuit layout (b) of an 
mtegrated circuit implementation of a differential transpinnor 600 for use with 
specific embodiments of the present invention. According to a specific embodiments, 

20 transpinnor 600 requires very few fabrication steps having only a single GMR film, an 
insulation layer, a single conductor layer, a second insulation layer, and a thick pad 
metal layer. 

The relationship between the output voltage of transpinnor 500 and a variety 
of other parameters including power supply voltage, input current, GMR value, leg 
25 resistance values, and output resistance will now be described. This analysis assiraies 

- 13 - 
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the ideal case where tlie resistance of each of four resistive elements R1-R4 (when in 
identical magnetic states) is identical, and denotes this resistance value as r. When a 
positive current is applied at input 1 and a negative current is appUed at input 2, the 
various resistances are given by: 
5 , ■ " 

Ri-r(l-8) (3a) 
R2 = r(l+5) (3b) 
R3 = 1(1-5) (3c) 
R4 = r(l + 5) (3d) 

where 5 is given by equation 2b. 

The output resistance of transpinnor 500 is denoted rs. The current in each of 
resistive elements Ri-Ra and rs is denoted ii-is, respectively. The voltage drop across 
the entire bridge, i.e., the voltage applied to the power lead) is denoted V, From 
15 KirchofPs laws we then have 

ii - i2 - is = 0 (4a) 
i4"i3+i5^0 (4b) 



20 and from synmietry. 



11 = i3 (5a) 

12 = i4 (5b) 



- 14- 
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Because the voltage drop over any path between the power lead and ground must be 
V, 



10 



15 



(l-8)rii + (l+8)ri2 = V (6) 
(l-6)rii + i5r5 + (l-5)rii=V (7) 

Combining equations (4), (6), and (7), 

i5 = 2ii5/[H-5(r5/r)] (8a) 

This equation represents the output current of transpinnor 500. 

Also of interest is the dependence of the amplification factor, 

A = output current / input current (9) 



on the power supply to transpimior 500 and the line width of the GMR films. For this 
analysis will use the approximation that rs/r « L This is due to the fact that the input 
and ou^ut lines of transpinnor 500 are much thicker than the GMR films (e.g., 20 nm 
of copper and 300 nm of AlCu vs. 2-4 nm of copper). In addition, because the 
20 fractional change in resistance satisfies 5 < 0.5 gmr (see equation 2b), 5 « 1 also. In 
the case of complete switching, i.e., f(H) = 1, equation 8a then becomes 

i5 = 2ii 5 = ii gmr (8b) 
The input current must be sufficient to switch the lower coercivity, e.g., permalloy 
25 layer of the GMR films, i.e., sufficient to produce a magnetic field equal to the layer 

-15- 
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coercivity, He. The field H produced by a ciirrent i in a stripline of width w and 
lengtli L is found from Maxwell's equation, curl H = J', to be 

H = 27ii/wOe (10) 

5 ■ 

where i is hi mA and w is in microns. (Li changing units from Maxwell's equation to 
those m equation (10) it should be noted tibat An Oe = 10^ amps/meter.) Thus, the 
input current required to produce a field He is 

10 input current = (1/27C) He w mA/(Oe-micron) (11) 

To derive the output cunent, it should be noted with reference to Fig. 5 that the power 
voltage V is applied to Ri and R2 in series, and that because is is small, the current in 
resistive elements Ri and R2 can be approximated as ii. Thus, tlie current ii, 
15 according to Ohm's law, is the ratio of Y (in volts) to the sum of Ri and R2, or 2r (in 
ohms). So, 

ii = 10^ V/(2r) mA, and therefore according to equation (8b) the output current is 
output current =10^ gmr V/(2r) mA 

20 

The amplification factor is then 

A = 71 1000 gmr V/(r He w) 



(12) 



(13a) 
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It is further xiseful to express the resistance r of the four GMR resistors in Fig. 6 in 
terms of the product of the sheet resistivity, Rgq in ohms per square, and the number of 
squares, L/w, i.e., r = (L/w) Rsq. Then the amplification. A, may be written 

5 A = 7cl00OgmrV/(HcRsqL) (13b) 

where He is in Oe, and w and L are in microns. 

Transpimiors may form the basis for general piupose all-metal electronics; 
digital as well as analog. For example, these GMR devices can be used for all 

10 electronic functions in a random access memory array such as memory array 700 of 
Fig. 7. That is, transpinnors may be used to select the word lines to be activated 
(702), select the sense-digit and reference lines to activated (704), regulate the voltage 
to the drive lines, amplify the difference in ciurrent between selected sense-digit and 
reference line pairs (706), and perform further sense amplification in successive 

15 stages. 

It turns out that the transpimior is extremely effective for applications in which 
a physical signal is to be read above an offset arising from the difference between two 
unevenly match input lines. It functions as a transformer at its input, rejecting the 
cormnon-mode signal between the two lines, and as a differential amplifier at its 

20 output, amplifying the physical signal. In memory array 700 there is a differential 
transpinnor 706 coupled to each sense-digit/reference line pair such that the sense- 
digit line is cormected to input 1 of the transpinnor and the corresponding reference 
line is cormected to input 2 (see Figs. 5 and 6). As discussed above, inputs 1 and 2 of 
each transpinnor are only inductively coupled to its GMR film resistive elements, the 

25 input being DC isolated from the output. 

- 17- 
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When the sense-digit and reference lines of a pair are in the same magnetic 
state, the output of the differential transpinnor 706 should be zero. However, because 
of imperfections arising in the fabrication process, the resistance of a sense-digit line 
will typically be different than that of its reference line. Consequently, when the same 

5 voltage is appUed to the two lines, different currents enter the two inputs of the 
associated differential transpinnor 706 causing a nonzero output in an imtrimmed 
transpinnor, and thus the potential for error. According to a specific embodiment of 
the present invention, the differential transpinnor 706 for each sense-digit/reference 
line pair may be triimned to compensate for this imbalance. 

10 That is, compensation for the resistive imbalance is achieved by reducing the 

output of the transpimior through at least partial reversal of one of the high coercivity, 
i.e., cobalt, layer. According to a specific embodiment, the other side of the 
transpiimor is operated with the high coercivity layer(s) saturated. The low coercivity 
layer(s) remains free to react to the input current, thereby producing the dynamic 

15 output. By reversing just the right percentage of the cobalt layer, the output of tiie 
transpirmor can be made to go to zero when the reference and sense-digit lines are in 
the same magnetic state, i.e., when it is supposed to be zero. 

Equation (8b) represents the case where the currents of inputs 1 and 2 are 
equal in magnitude and of opposite polarity. When the currents are of the same 

20 polarity and different magnitude, the equation becomes 

i5 = ii(5i-62) (14) 

Since the two fractional resistance changes are unequal, is is nonzero. In equation 
25 (2b), f(H) is the fraction of the film for which the magnetization of the high coercivity 
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layer and the low coercivity layer (i.e., the cobalt layer and the permalloy layer) are 
antiparallel less that for which they are parallel. We can therefore write f(H) as the 
product of two terms, one representing the high coercivity layer and one representing 
the low coercivity layer, 

5 

f(H) = fo(H)fp(H) (15) 

where fc(H) is the fraction of the cobalt layer magnetized in the positive direction less 
that magnetized in the negative direction and fp(H) is the corresponding fraction for 
10 the permalloy layer. This assumes that the layers switch independently of one another 
which is a reasonable assumption in that the coercivity of cobalt is much higher than 
that of the permalloy, and the transpimior is typically operated at low field where only 
the magnetization of the permalloy changes and that of the cobalt remains fixed. That 
is. 



15 



£:(H) = constant (16) 



but tlie values of fc(H) will in general be different for the two inputs. 

The transpinnor can be set up so that the response of the permalloy to the 
20 applied field (from the current in the input Une) is relatively linear for the current 
range of interest, i.e., 

fp = kl |fp|<l (17) 
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where the value of the proportionality constant k is determined by the shear of the 
loop. Denote the current from the reference line by i^f and the current from the sense 
digit line by isense. Then 

5 5i = fill fp gtnr/2 = fci k isense gmr/2 

S2 = f c2 fp gnnv^ = £j2 k iref gmr/2 

Then, by equations (14), (19), and (20), the output current 15 of the transpinnor is 
given by 

10 

is = ii (Si - 62) = ii k (gmr/2)(fi.i isense - fc2 iref) 

Equation (20) reveals that even if the sense current is different than the 
reference current when the line are in the same magnetic state, the output cvirrent is 

15 can be made zero by adjusting the magnetization in the cobalt fikn. Thus, for 

example, if the current in a sense-digit Ime is greater than that in the corresponding 
reference line, the currents can be balanced by saturatiag the cobalt in the reference 
leg of the transpinnor in the positive direction so that fc2 = 1 and piartially reversing 
the cobalt in the sense-digit leg of the transpiimor such that fd = iref/isense- This 

20 balances the input, even though the lines have different resistances. The adjustment 
facilitated by the fact that the two cobalt layers can be adjusted independently. It 
should be noted that this technique can compensate for virtually any resistive 
inequality in a given sense-digit/reference line pair. This is even the case where the 
difference in resistance is much greater than the films' gmr values. 
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According to varioxxs specific embodiments of the present, there are a number 
of ways in which a transpinnor may be connected to a sense-digit/reference line pair. 
Four of these options will now be described with reference to Fig. 8. Each option is 
shown using coils. However, it will be understood that the present invention 

5 contemplates analogous embodiments using striplines. In addition, for the purpose of 
clarity, each of the embodiments is shown with only the transpinnor's input lines, i.e., 
omitting the resistive elements. 

Fig. 8(a) shows the input lines 802 and 804 of a transpinnor configured such 
that each of the transpinnor's four resistive elements (not shown) is influenced by 

10 current from both sense-digit line 806 and reference line 808. In the figure this is 
shovm as the coils being configured concentrically. In a stripline embodiment, the 
input lines would be striplines deposited on top of the other layers vvith insulation in 
between. This configuration has the highest sensitivity for differential amplification 
of the four shown, but has relatively low sensitivity for trimming unless the overlap of 

15 the input lines is only partial. 

Fig. 8(b) shows input lines 812 and 814 of a transpinnor configured such that 
the current from sense-digit line 816 goes through only input line 812 which supplies 
magnetic fiields to two of the transpinnor' s resistive elements, while current from 
reference line 818 goes through only input line 814 which supplies magnetic fields to 

20 the other two resistive elements of the transpinnor. The high-coercivity layer of any 
pair of GMR resistive elements can be partially demagnetized so that each channel of 
the transpinnor has a different amplification factor. This can be adjusted to make the 
output zero when the sense-digit and reference lines are in identical magnetic states. 
Transpinnor 500 of Fig. 5, for example, is configured for such a connection. 
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Fig- 8(c) shows input lines 822 and 824 of a transpiimor coimected in series 
between the midpoints of sense-digit line 826 and reference line 828. In this 
configuration, the current flowing through the two input lines is proportional to the 
difference in resistance between them. The high-coercivity layers of the pairs of 
5 GMR resistors can be adjusted as in Fig. 8(b). 

Fig. 8(d) shows input line 832 coupled between sense-digit line 836 and 
reference line 838. hiput line 834 is used to compensate for any intrinsic difference in 
resistance between them, i.e., to eliminate any offset. This configm-ation is the least 
sensitive of the four shown for differential amplification. 
10 The four configurations of Fig. 8 lead to fom- different methods of using 

transpimiors for resistive trimming. 

A differential transpinnor exhibits hysteresis imless operated in a specific way. 
This hysteresis can be avoided if the transpinnor is biased in the hard direction of the 
low coercivity (e.g., pemialloy) layer with a field greater than or equal to the 
15 anisotropy field. This eliminates the hysteresis and the permeability becomes very 
large. The high coercivity (e.g., cobalt) layer is largely unaffected because its 
anisotropy field is typically much larger than that of the low coercivity layer. The 
signal field is applied by the input lines of the transpinnor and is in the easy-axis 
direction. 

20 A second method which requires no bias field is to fabricate the transpinnor 

with tiie easy axis of the low coercivity layer perpendicular to the easy axis of the 
high coercivity layer. The low coercivity layer thus vmdergoes uniform magnetization 
rotation rather than wall-motion switching. 

A third method of dealing with transpinnor hysteresis is to initialize the 

25 transpinnor the same way before each read operation. For example, each read 
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operation could be started by the application of a negative pulse which switches all 
the low coercivity layers but not any of the high coercivity layers. This erases any 
previous low coercivity layer history. 

According to a fourth method, the low coercivity layer of the transpinnor is 
5 initialized antiparallel to the high coercivity layer, leaving it on the very steep part of 
the hysteresis curve (see Fig, 2). A small input current will then produce a large 
output. 

According to a specific embodiment of the invention, when a transpinnor is 
used to balance a sense-digit line against its reference line, the resistive elements of 

10 the transpinnor are adjusted such that when the sense-digit and reference lines are in 
identical magnetic states (i.e., with the same number of ones and zeros in the storage 
layers of the two lines and at the corresponding locations in each, and with the same 
corresponding magnetizations in the readout layers of the two lines), the transpinnor 
gives zero ou^ut. When the magnetization of the readout layer a bit is changed on 

15 the reference line but not the sense-digit line, the ratio of resistances changes and the 
transpinnor gives a nonzero output. That is, the transpinnor is adjusted to give zero 
output not when both input cvirrents are equal, but when the sense-digit line and the 
reference line are m the same magnetic state. Note tliat the voltages applied to the 
two lines are equal, but because the resistances are imequal, the currents in the lines 

20 are unequal. 

During a read operation, the read current through tlie trimming transpinnor is 
large enough to switch its low coercivity layer, but not its high coercivity layer. 
Therefore, the trimming adjustment is made to the high coercivity layer (which 
remains in the partially switched state during the read operation), not the low 
25 coercivity layer (which needs to be free to change in response to the read current). 
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The high coercivity layer in the transpinnor is not affected by mite operations 
because the resistive elements of the transpinnors are not physically connected to the 
sense-digit lines. 

It will be understood that by properly balancing a transpinnor coupled to a 
5 sense-digit/reference line pair, the additional steps otherwise required for removing 
the read operation pedestal may be eliminated and the read time con-espondingly 
reduced. 

While the invention has been particularly shown and described with reference 
to specific embodiments thereof, it will be understood by those skilled in the art that 

10 changes in the form and details of the disclosed embodiments may be made without 
departing from the spirit or scope of the invention. For example, specific 
embodiments of tihie invention have been described herein with reference to the 
balancing of sense/reference line pairs in random access memory arrays. However, it 
will be understood that the techniques of the present invention relate more generally 

15 to a wide variety of resistive trimming applications including, for example, the setting 
of individual resistive elements to specified values, or the setting of a quiescent 
operation point for a transphmor in any of a variety of applications. 

In addition, although the descriptions of specific embodiments herein appear 
to be referring to the switching of one particular layer in a GMR structure, it will be 

20 understood tliat such embodiments may in fact encompass the switching of multiple 
layers. That is, for example, when the specification refers to the switching of a high 
coercivity layer in a GMR structure, it may iq fact be referring collectively to the 
switching of a plurality of such layers in a GMR structure having multiple periods of 
high and low coercivity films. 
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It should also be understood that the elements of the basic transpinnor of the 
present invention natay be configured and fabricated in a variety of ways to achieve the 
trimming techniques described herein. For example, the idealized transpiimor 
depicted in Fig. 5 may be fabricated as described above with reference to Fig. 6. 

5 However, there are a number of alternative configurations which are suitable for the 
described and other embodiments. 

For example, the transpinnor of Fig. 5 may also be fabricated as shown in Fig. 
9 which depicts a differential transpinnor 900 in IC form. As described above with 
reference to Fig. 5, R1-R4 comprise OMR films, and inputs 1 and 2 comprise electrical 

10 conductors, e.g., copper, for applying magnetic fields to the GMR films. The broken 
lines indicate connections to the layer underneath. For the sake of clarity, insulating 
layers are not shoAvn. 

In addition, a hybrid form of transpinnor 500 (i.e., transpiimor 1000 of Fig. 10) 
can made by etching a GMR film into four equal parts (R1-R4), making the necessary 

15 electrical coxmections, and winding two external input coils (inputs 1 and 2) aroimd 
the resistive elements as shown. This hybrid design has the advantage that only one 
GMR film is used so that the behavior of all four legs of the transpiimor is the same. 
In addition, the wovmd input lines are easy to construct. In general, transpinnor 1000 
is relatively simple to manufacture and may be particularly usefiil in applications 

20 which do not require IC fabrication. 

As an alternative to transpinnors 500, 900, and 1000, each input line may be 
configured to affect the magnetizations of all four of the resistive elements. In an 
embodiment fabriciated similarly to transpinnor 1000, each of the input lines is wound 
around all four of the resistive elements. In an IC embodiment, two layers of input 

25 lines are employed. Such an embodiment is exemplified by transpinnor 1 100 of Fig. 
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11. Input lines 1 and 2 are configured in such a way that they tend to neutralize each 
otiier. That is, the field experienced by each of the four resistive elements R1-R4 
corresponds to the difference between the currents in the two input conductors. 
Although this design is slightly more complex tlian the designs of Figs. 9 and 10, it 
5 has the advantage of greater sensitivity. 

In view of the wide variety of ways in which the principles of the present 
invention may be given effect, the scope of the invention should be detemiined with 
reference to the appended claims. 
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WHAT IS CLAIMED IS : 

1 . An electronic device comprising at least one configurable resistive 
element having a resistance value associated therewith, each configurable resistive 

5 element comprising at least one multi-layer thin film element exhibiting giant 

magnetoresistance, the resistance value of each configurable resistive element being 
configurable over a resistance value range by application of at least one magnetic 
field which manipulates at least one magnetization vector associated with the at least 
one thin film element 

10 

2. The electronic device of claim 1 wherein each multi-layer thin film 
element of each configumble resistive element comprises at least one high coercivity 
layer and at least one low coercivity layer, the resistance value associated with each 
multi-layer thin film element being configurable by at least partially switching a first 

15 magnetization vector associated with the at least one high coercivity layer. 

3. The electronic device of claim 1 wherein each configurable resistive 
element comprises a network of thin-fihn elements in a bridge configuration, at least 
one thin-film element exhibiting giant magnetoresistance, and at least one conductor 

20 inductively coupled to the at least one thin-film element for applying the at least one 
magnetic field thereto. 

4. The electronic device of claim 3 wherein the network of thin-film 
elements is configured to operate as a logic gate having an amplification factor 
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associated therewith, and wherein application of the at le£ist one magnetic field results 
in alteration of the amplification factor. 

5. The electronic device of claim 4 wherein each multi-layer thin film 
5 element of each configurable resistive element comprises at least one high coercivity 
layer and at least one low coercivity layer, the resistance value associated with each 
multi-layer thin film element being configurable by at least partially switching a first 
magnetization vector associated with the at least one high coercivity layer. 

10 6. The electronic device of claim 4 wherein the electronic device 

comprises a memory comprising a plurality of memory cells and a plurality of access 
lines for facilitating access to the memory cells, selected access lines having an output 
of at least one of the configurable resistive elements directly connected thereto. 

15 7- The electronic device of claim 3 wherein the network of thin-film 

elements is configured to operate as a differential amplifier having an amplification 
factor SLSsociated with each of two inputs, and wherein application of the at least one 
magnetic field results in alteration of the amplification factor associated with at least 
one of the two inputs. 

20 

8 . The electronic device of claim 7 wherein each multi-layer thin film 
element of each configurable resistive element comprises at least one high coercivity 
layer and at least one low coercivity layer, the resistance value associated with each 
multi-layer thin film element being configurable by at least partially switching a first 
25 magnetization vector associated with the at least one liigh coercivity layer. 
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9. 



The electronic device of claim 7 wherein the electronic device 



comprises a memory comprising a plurality of memory cells and a plurality of sense 



and reference lines, selected sense and reference lines having the at least one 



5 



conductor of at least one of the configurable resistive elements directly connected 



thereto. 



10. The electronic device of claim 3 further comprising at least one 
component having a two-charaiel output corresponding to first and second output 
10 nodes, the network of thin-film elements being coupled between the first and second 
ou^ut nodes and configurable using the at least one conductor to balance the first and 
second output nodes and ampUfy the two-channel output. 



15 element comprises a single multi-layer thin film element. 

12. The electronic device of claim 1 1 wherein the single multi-layer thin 
film element comprises at least one high coercivity layer and at least one low 
coercivity layer, the resistance value associated with the single multi-layer thin film 

20 element being configurable by at least partially switching a first magnetization vector 
associated with the at least one high coercivity layer. 

13. The electronic device of claim 1 wherein the at least one multi-layer 
thin film element comprises a plurality of periods of low and high coercivity layers. 



11. 



The electronic device of claim 1 wherein each configurable resistive 



25 
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14. The electronic device of claim 1 wherein the at least one multi-layer 
thin fihn element comprises a single period of low and high coercivity layers. 

15. A method for configuring a configurable resistive element in an 
5 electronic device, the configurable resistive element having a resistance value 

associated therewith and comprising at least one multi-layer thin film element 
exhibiting giant magnetoresistance, tiie method comprising applsdng at least one 
magnetic field to the configurable resistive element which manipulates at least one 
magnetization vector associated with the at least one thin film element thereby 
10 configuring the resistance value. 

16. The method of claim 1 5 wherein each thin film element of each 
configurable resistive element comprises at least one high coercivity layer and at least 
one low coercivity layer, and wherein applying the at least one magnetic field 

15 comprises partially switching a first magnetization vector associated vsdth the at least 
one high coercivity layer. 

1 7. The method of claim 1 5 whereia each configurable resistive element 
comprises a network of thin-film elements in a bridge configuration, at least one thin- 

20 film element exhibiting giant magnetoresistance, and at least one conductor 

inductively coupled to the at least one thin-fihn element for applying the at least one 
magnetic field thereto, the method further comprising configuring the network of thin- 
film elements to operate as a logic gate having an ampUfication factor associated 
therewith, and wherein applying the at least one magnetic field comprises altering the 

25 amplification factor. 
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18. The method of claim 1 5 wherein each configurable resistive element 
comprises a network of thin-film elements in a bridge configuration, at least one thin- 
film element exhibiting giant magnetoresistance, and at least one conductor 

5 inductively coupled to the at least one thin-film element for applying the at least one 
magnetic field thereto, the method further comprising configuring the network of thiii- 
film elements to operate as a differential amplifier having an amplification factor 
associated with each of two inputs, and wherein applying the at least one magnetic 
field comprises altering the amplification factor associated with at least one of the two 

10 inputs. 

1 9- The method of claim 1 5 wherein each configurable resistive element 
comprises a network of thua-film elements in a bridge configuration, at least one thin- 
film element exhibiting giant magnetoresistance, and at least one conductor 

15 inductively coupled to the at least one thin-fihn element for applying the at least one 
magnetic field thereto, the electronic device finther comprising at least one 
component having a two-chaonel output corresponding to first and second output 
nodes, the network of thin-film elements being coupled between the first and second 
output nodes, and wherein applying the at least one magnetic field comprises 

20 balancing the first and second output nodes and amplifying the two-channel output. 
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